Because of its function as transmitter of genetic information
In turn, the repair process itself may be affected by chemical and physical agents. To determine the mode of action of
and cross-linkages of strands. Because of its function of transmitting genetic information, DNA is the most important target, but well-developed mechanisms exist for repairing damage.
One of the major repair mechanisms, excision repair, acts before DNA replication takes place, by excising defective bases from the DNA of both prokaryotes and eukaryotes. However, cells that are defective in this repair mechanism are more easily killed, "mutated," or transformed by radiation or chemicals.
However, even in a genetically non-defective cell, DNA repair may not beas effective as required. The question must be raised whether DNA repair synthesis can be temporarily blocked or reduced by chemicals. The lack of DNA repair capacity was found to be due to chemical insults, and such exposures could "sensitize" cells toward chemotherapeutic agents or carcinogens. Cell death, delayed lethality, loss of prolific capacity, and mutagenesis are expressions of unrepaired DNA damage, misrepaired nucleotide sequences, delayed repair, or copying errors during the semiconservative DNA replication in the cell cycles following the application of a mu tagen ic agent.
The evidence for the role of cellular DNA repair processes in the carcinogenicity process has been amply reviewed by Maher and McCormick (Maher and McCormick, 1979;  Maher eta/., 1980). DNA repair (photoreactivation and excision) decreases the frequency of mutations in bacteria and in mammalian cells. DNA repair can alter the frequency of oncogenic transformation of cells in culture, a decrease in transformation frequently being directly correlated with the enzymatic removal of adducts. Repair can alter the frequency of tumors in animals or humans by carcinogen treatment (Maher and McCormick, 1979) .
DNA repair systems are diverse and reviews have been published relating to the many aspects of the classification and mechanisms involved in repair. The purpose of this presentation i s to review the literature on DNA repair inhibition, as defined for the present purpose as interference with the repair by a chemical or the alteration of the physical environment leading to delayed repair of DNA damage.
DNA repair inhibition, in most studies, is a measured biological end point. What precedes this effect in many instances is still uncertain. Although repair processes are enzymatic, for this chapter, repair inhibition does not necessarily mean enzyme inhibition. Repair inhibition, as a biological end point, may result from the inhibition of repair enzymes, a saturation of the repair process when the damage exceeds the capacity of the repair mechanism, and other interferences with repair, such as the effect of metal salts on the fidelity of DNA synthesis.
The reversion of lesions may take place via several short enzymatic pathways. Enzymatic photoreactivation is an enzymatic mechanism specific for the repair of ultra-violet induced cyclobutylpyrimidine dimers. In the presence of light in the wavelength range 300-600 nm, an enzyme reverses the dimerization of pyrimidines and restores the DNA to its original configuration (Hanawalt, et a/., 1978; Kornberg, 19801 , thus preventing the lethal and rqutagenic consequences of UV irradiation. Photoreactivating enzymes have been detected in both prokaryotes and eukaryotes, including human cells (Maher and McCormick, 1979) .
Alternate pathways may exist in which a new purine is directly inserted into an apurinic site without polynucleotide cleavage by an "insertase." Studies by Deutsch and Linn (1 979) suggest that mammalian cells (human) may contain an "insertase" which can replace the appropriate base at an apurinic site after spontaneous loss or glycosylase action. A similar purine "insertase" activity exists in E. coli (Livneh, et a/., 1979) . Alkylation damage may be repaired by a number of different combinations of base and/or nucleotide exisions according to the chemical nature and hydrolytic stability of the glycoside linkage. Some alkylated sites may be simply dealkylated and the alkyl group either transferred or the oxidation product reduced to alcohol (dealkylase; alkyl transferase) (Cleaver, 1980; Pegg, 1978b ). An activity has been detected in extracts of rat liver tissue which can apparently remove the methyl group in the 06-position of guanine (Pegg, 1977; Pegg and Hui, 1978a,b) .
Bypassing of lesions may take place by the process of post-replication repair or the induction of SOS repair.
Excision repair is a multi-enzyme mechanism in which a damaged site in one strand of the DNA is removed and replaced with the correct nucleotide sequence. It is the predominant repair mechanism in most living systems. Excision repair is very versatile and in mammalian and bacterial cells provides the means of repairing a variety of UV-irradiation, ionizingradiation, and chemically-induced types of damage in DNA, including mono-and bifunctional base defects, bulky adducts, intercalation, and cross-links. Figure 1 illustrates in simplified form what are believed to be the essential enzymatic steps in different types of excision repair in prokaryotes and mammalian cells (modified from Regan and Setlow, 1974; Cleaver, 1980) , although it must be stated that the activities of these two excision repair pathways vary widely in different organisms and in different tissues of the same organism. There are basically two stages of excision repair: the recognition/incision/excision or degradative stage and the DNA synthesis/ ligation or synthetic stage.
The early events in excision repair, which involve recognition of damaged sites and nuclease action, are the ones that show the most variation. Nucleotide excision repair, or long-patch, involves endonucleolytic cleavage of a single poly-nucleotide strand on the 5' side of the damaged site by one of a number of specific endonucleases. Base excision repair, the shortpatch, involves cleavage of the glycosidic linkage between a damaged base and the deoxyribose residue by a DNA N-glycosylase (Lindahl, 1979) followed by cleavage of the polynucleotide strand by apurinidapyrimidinic endonuclease(s) (Friedberg et a/., 1977) .
From this point, the pathways may actually overlap. An exonuclease Regan and Setlow, 1974; Cleaver, 1980) excises the region containing the lesion. The size of the excised lesion depends upon the damaging agent and/or damage and is one to four nucleotides in the short-patch (ionizing type) or baseexcision repair, and an average of 90 Also indicated in Figure 1 are the suspected genetic defects involved in certain rare human diseases, thought to involve deficiencies in DNA repair. These diseases are invaluable in allowing us to understand the importance of and the mode of action of DNA repair and the mechanisms by which agents may interfere with this important biological mechanism. Cells from these patients serve as repair-deficient mutant strains comparable to mutant strains of bacterial cells, and help define repair mechanisms in human cells.
Cells affected by two genetic disorders, xeroderma pigmentosum (XP) and ataxia telangiectasia (AT), manifest DNA repair deficiencies on exposure to UV and ionizing radiation, respectively. Cells of patients with Cockayne's syndrome exhibit dermal photosensitivity to UV irradiation, and cells of Fanconi's anemia (FA) patients are vulnerable to DNA interstrand cross-links due to certain bifunctional chemicals.
One of the illuminating aspects of this line of investigation was the demonstration that repair defectiveness is a feature of some genetically determined syndromes which manifest chromosome instability and cancer proneness, indicating also that erroneous repair itself may be related to chromosome mutations and may be of fundamental and presumably etiological significance in neoplasia (German, 1978; Paterson, 1979) . The drastic clinical consequences of such enzymatic defects emphasizes the critical importance of DNA repair processes. Persons heterozygous with respect to certain genes associated with DNA repair (XP, AT and FA) may be at increased risk of cancer from certain environmental agents.
XP patients appear to have a defect in the UV-endonuclease that normally hydrolyzes the DNA backbone near a pyrimidine dimer (Stryer, Some DNA defects, such as interstrand crosslinks, require the interaction of two mechanisms, the first of which is the unhooking of one arm of the crosslink by excision repair enzymes making incisions on both sides of one arm of the crosslink, exposing a single-stranded region which is then filled in by recombination repair, The remainingarm containingthe crosslink residue is presumably released by excision erlzymes and the site is restored to normal by excision repair (Cole, 1973;  Paterson, 1977 Smith and Paterson, 1980) . Thus, there may be a system that allows irradiated normal human cells more time for repair by (1) delaying the onset of DNA replication and (2) delaying entry into mitosis which is under genetic control and is defective in AT cells (Painter, 1981) .
The way in which DNA replication machinery copes with lesions induced by alkylatingagents and other chemicals, has not been studied in as much detail as with UVor ionizing radiation. Table 1 was compiled by using the information available from studies of these genetic diseases and from experiments specifically designed to determine the type of excision mechanism which may be triggered by DNA damaged by a specific chemical agent In addition to their radiation sensitivities these diseases are also sensitive to various chemicals.
Chemicals that mimic UV radiation are repaired by mechanisms that are coordinately controlled; that is, if cells are defective in UV repair they are defective in repairing these chemical changes. The repair system may become saturated at high doses of UV or a chemical, the saturation levels being quite different for the two agents. I f the repair pathways for UV and chemical damages were identical, with the same rate-limiting steps, the chemical treatment would inhibit UV repair at saturating doses. This is not the case and implies a more complicated mechanism than identical pathways for the repair of UV and UV-mimic chemicals (Setlow and Ahmed, 7 980). 
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If chemical agents are classified according to whether cells from patients with these genetic diseases are sensitive to them and fail to repair, resulting in DNA damage, two broad categories are obtained. One category (longpatch repair) consists of agents that produce DNA damage which is not generally repaired in XP, FA or Cockayne cells. The other category (shortpatch repair) consists of agents to which AT cells tend to be sensitive, but to which XP cells respond normally.
Among the longpatch or nucleotide-excision repair inducers, there are the aromatic amines and their derivatives, certain nitrogen mustards and their derivatives, polycyclic aromatic hydrocarbons and their derivatives, 4-nitroquinolinel-oxide and related compounds, aflatoxin, and a number of drugs with different structures. Short-patch repair is generally initiated by nitrosoureas, methylating and ethylating agents, nitrogen and sulfur mustards and related compounds, some epoxides, and safrole and its derivatives. Some chemicals, e.g. the mustards and 4-nitroquinoline-l -oxide, result in both types of repair.
Research has been conducted to try to identify chemical inhibitors of the DNA excision repair enzymes. This information is summarized in Table  2 . Several different chemicals may have the common property of inhibitinga given enzyme, but the mode of action of this inhibition may vary considerably from chemical to chemical, as will be discussed shortly. Table 3 lists classes of chemicals that interfere with DNA excision repair. They are classified according to use. The damage in each case has been induced by UV or ionizing radiation, or by chemicals which mimic that of UV or ionizing radiation.
This list is further subdivided, depending on whether the experiments were performed on prokaryotes or eukaryotes. In terms of listing by use, I have started with the pharmaceuticals, since many of the repair inhibitors are drugs.
Some hormones have been shown to be repair inhibitors, as well as some vitamins and various food components. Dyes and related compounds tend to be intercalators or bind to DNA. Included are various industrial chemicals. Among the natural products, we have aflatoxins, cancer promoters of plant origin, and caffeine, and other xanthine analogues. Some pesticides and some metal salts have also been found to inhibit repair, There is also a group of miscellaneous chemicals,
The removal of chemical groups from the damaged DNA of cells can often be a slow process and may be incomplete before replication of DNA takes place. Since failure to replicate DNA can lead to cell death, the cell has evolved mechanisms that permit replication of DNA to take place on a template containing the unexcised lesion. Post-replication repair is a process whereby unexcised lesions in the DNA strands are dealt with during or after replication. As such, it is very closely associated with the normal processes of replication. In mammalian cells UV and other agents decrease the rate of DNA replication. DNA synthesized in mammalian cells shortly after UV irradiation i s initially of smaller molecular weight than that made in Two basic mechanisms have been proposed. The discontinuous model explains that, encountering UV photoproducts such as dimers, the replication apparatus skips past and reinitiates beyond, leaving large gaps that are eventually closed by de novo synthesis. The existence of such gaps has not been proven, and alternative interpretations, such as blocked replication forks, are possible. This continuous model differs from the discontinuous model in that replication is halted for a long period when the replication fork reaches discrete lesions (dimers) in the DNA, rather than continuing beyond after a short delay, and in some way eventually circumvents the lesions (Edenberg 1976; CordierDStone, et a/., 1979; Park and Cleaver, 1979).
In Table 4 are listed some of the inhibitors of post-replication repair, including the damaging agent that has caused the initial damage, and the species in which this test was carried o u t The methylated xanthines are the 
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best known and most studied post-replication repair inhibitors, but thereare other PR inhibitors. Acriflavine and the drugs chloramphenicol, isonicotinic acid hydrazide and chlorpropamide also inhibit this repair. Chlorpropamide, an oral hypoglycemic agent used in the treatment of diabetes, could be important because of its inhibiting effects on both excision and post-replication repair in Chinese hamster cells, but, unlike many other DNA repair inhibitors, it does not seem to affect semiconservative replication (Brown, 1980) . Post-replication repair involves newly synthesized DNA strands and is an S-phase specific process. Therefore, when a particular biological event, such as mutation, chromosomal aberration, or sister chromatid exchange, is shown to be produced bya post-replication repair inhibitor, such as caffeine being present during the S-phase, this may be good evidence, but not conclusive, of the involvement of the post-replication repair in the production of the effect (Lehmann, 1976) . Attempting to establish a relationship between the process at the molecular level with a biological end point is a difficult task. The possible connection between chromosome damage (increased frequency of chromosome aberrations) and post-replication repair has been reviewed ( .
In patients treated with the chlorpropamide, there was an increased incidence of chromosomal aberrations, which may have resulted from the inhibition of repair processes (Brown, 1980) . Included in Table 4 are some experiments which demonstrate an interference with post-replication repair, which presumably led to the increased frequency of chromosomal aberrations and sometimes sister chromatid exchanges. These experiments have been indicated with an asterisk (*).
The effect of a chemical at the molecular level (the inhibition of postreplication repair) could cause damage at the chromosomal level (chromosome aberrations) which at the cellular level may lead to cancer, reproductive abnormalities or death.
An inhibitory action on DNA repair i s by no means restricted to the interaction of two or more chemicals. Other factors combined with irradiation include hyperthermia (Mittler, 1981 ) Biological agents may also demonstrate an inhibitory effect on DNA repair. The inhibition of excision repair of UV-irradiated cells and of cells treated with N-methyl-N,-nitrclN-nitrosoguanidine and 4-nitroquinolineloxide was originally discovered in diploid human cells infected by mammalian leukosis virus, whereas y-irradiation DNA damage was repaired similarly in infected and non-infected cells (Andzhaparidze, et a/., 1977) . Oncornavirus inhibited the repair of 4-NQO injuries in DNA of diploid human cells (Andzhaparidze, et a/., 1979) . Rat cells infected with Rauscher leukemia virus exhibited sensitivity to 4-NQO-or UV-induced transformation and a partial inhibition of the post-replication repair process after 4-NQO or UV treatment (Waters, et a/., 1977). Spleen cells of rats in the acute stage of mycoplasma-induced arthritis almost completely lost their ability to rejoin singlestrand breaks produced by ionizing radiation in their DNA (Altmann, et a/., 1976) .
To determine the mode of action of aspecific compound on the process of DNA repair becomes quite complex when all possible factors are taken into consideration. Many of the agents referred to as DNA repair inhibitors are as active or more active in suppressing replicative synthesis, RNA and protein synthesis. Mechanisms involved in DNA repair inhibition have been subdivided on the basis of effects on major processes, such as inhibition of protein synthesis or alterations in energy metabolism, which resulted in inhibition of DNA repair. A specific compound may not necessarily be limited to a single category, since it may interact via several mechanisms.
A compound may have a direct effect on the DNA by intercalating between the base pairs or by some other binding mechanism. In general, compounds which intercalate or bind to DNA inhibit both semiconservative and repair replication (Cleaver, 1969; Meneghini, 1974) . Intercalating agents are of special interest in their effects upon the excision of UV photoproducts from irradiated cells. Intercalation will very effectively distort the symmetrical structure of the double helix of the DNA molecule and will make excision of UV photoproducts impossible. Other interactions resulting in a non-intercalating binding between chemicals and DNA do not give rise to such striking depression of excision, but may interfere with the subsequent steps of excision repair -the DNA synthesis stage (Masek, 1977) .
Intercalaton of DNA also prevents DNA synthesisand the action of DNAand RNA polymerases. DNA polymerase B (thought to be a repair type polymerase in mammalian cells) purified from guinea pig liver was effectively inhibited by several intercalating agents (proflavin, ethidium bromide, actinomycin D, acriflavine) included in the following table (Kunkel, et a/.,  1978) . The anthracycline antibiotic, adriamycin, inhibits repair by inhibition of the DNA a and R polymerases (Sartiano, et a/., , 1979 . Adriamycin effectively intercalates into native DNA and inhibits both DNA and KNA
synthesis. An additional in vitro effect in the presence of adriamycin is a major conformational change in chromatin involving an extensive condensation and compaction of the isolated DNA fibers from Chinese hamster lung cells. This chromatin, in compacting nuclease susceptible sites, could be making these sites unaccessible to the action of the enzyme (Waldes and Center, 1981) .
Acridines belong toaclass of compounds which intercalate DNA and do not bind covalently. Biochemical studies have revealed that acridines block DNA, RNA and protein synthesis. Acridines have also been found to both induce DNA breaks and DNA repair as well as cause the inhibition of repair replication, unscheduled DNA synthesis, and the rejoining of single strand breaks (Nasim and Brychcy, 1979) . Several antimalarial drugs, amino acridines, produce "mutational synergism" with UV irradiation in E. coli.
These drugs block the normal repair process of irradiation-damaged DNA which in turn results in an increase in "mutant numbers" (Sideropoulos, et a/., 1980) . In reference to DNA repair inhibition, perhaps some of the most important of the amino acridines are the antimalarial drugs quinacrine and chloroquine (derived from quinacrine). Quinacrine is an effective radio sensitizer in E. coli inhibiting the repair of x-ray induced singlestrand breaks (Fuks and Smith, 1971; Town, et a/., 1972; Kaplan, 1974) and UV-induced DNA damage (Clarke and Shankel, 1974) . In rodent and opossum cells, quinacrine inhibits repair of UV damage (Kulkarni and Yielding, 1978; Meneghini, 1974) and that of y-ray induced DNA damage in human cells (Voiculetz, The effect of a DNA repair inhibitor may heasecondaryconsequence of RNA and protein synthesis inhibition, Earlier research in mammalian cells indicated a de novo synthesis of repair enzymes in response to radiationinduced damage was not necessary, suggesting that the existing enzymes were responsible for DNA repair. The rejoining of x-ray induced strand breaks in L5178Y murine lymphoma cells did not appear to require DNA, RNA or protein synthesis, since neither actinomycin D nor puromycin blocked rejoining (Ormerod and Stevens, 1971 ). The inhibition of protein synthesis by puromycin or cycloheximide and DNA synthesis by FUdR or hydroxyurea did not diminish the rejoining process after x-irradiation in hamster cells (Humphrey, et a/., 1970) or mouse L cells (Tsuboi and Terasima, 1970) . In Hela and hamster cells irradiated with either UV or x-rays, cycloheximide severely inhibited semiconservative replication but only delayed and partially (35%) inhibited DNA repair (Gautschi, et a/., 1973). The implication of all these results was that the necessary enzymes were present in the cell prior to irradiation and may be the same enzymes involved in DNA replication. Then it was demonstrated in €. coli that postirradiation (UVorx-ray) inhibition of protein synthesis bychloroamphenicol, puromycin or deprivation of required amino acids reduced the survival of rec+ cells in E. coli K12. Only the effect of chloroamphenicol was correlated with partial inhibition of excision repair in x-irradiated cells but not in UVirradiated cells. Chloramphenicol's effect is likely due to inhibition of a step in repair dependent on rec B (a gene coding for a complex nuclease) suggesting de novo synthesis is needed for some inducible repair function controlled by r e d and recB genes (Ganesan and Smith, 1972) .
Puromycin inhibited excision repair of DNA single-strand breaks induced by x-irradiation in €. coli (Kaplan, 1974) and inhibited chromosome repair in y-irradiated Alliurn cepa bulbs (Goyanes-Villaescusa, 1976). Puromycin aminonucleoside enhances UV-induced mutagenesis in €. coli by an impairment of repair (and also DNA, RNA and protein synthesis) which produces the increase in "mutant numbers." It probably competes with intermediates in an early step of purine biosynthesis -perhaps by inhibition of 5-phosphoribosyl pyrophosphate amidotransferase (Sideropoulos, 1979) . 5-Fluourouracil inhibits early repair in x-irradiated mouse cells by inhibiting RNA and protein synthesis (Duplan and Fuhrer, 1970) most probably via inhibition of thymidylate synthetase (Chabner, et a/., 1975) .
Early studies indicated cycloheximide was a DNA repair inhibitor of yirradiation damage in prokaryotes (Stehlik and Cabela, 1970 ) and of UV damage in eukaryotes (Cleaver, 1969; Meneghini, 1974) . In each of these instances there was greater inhibition of semiconservative replication than of repair. In a recent report (Iliakis, 1981) , protein synthesis inhibition by cycloheximide only slightly influenced the repair of potentially lethal damage to EAT cells x-irradiated in plateau-phase, and then only when given 24 hours after irradiation. To the authors, this suggested a low repair enzyme turnover and/or a well-supplied enzyme pool.
The ambiguity of the previous results contrasts sharply with the known effects of protein synthesis inhibitors on the yield of chromosomal aberrations after radiation or chemical damage.
Cycloheximide prevented chromosome repair (repair of chromatid breaks) in Chinese hamster cells treated with bleomycin (Sognier, et al., 1979a,b) and prevented or delayed chromosome repair in x-irradiated human lymphocytes (Wolff, 1972 ). In the above experimentation cycle heximide was not found to have a significant effect on the repair of damage at the DNA level (Gautschi, et a/., 7973; Sognier, et a/., 1979a,b) . It was suggested that cycloheximide inhibits thel'repair of damage associated with the central protein scaffold of the metaphase chromosome, onto which the DNA is organized" (Sognier, et a/., 1979b).
Of particular interest at this point is the compound phenethyl alcohol, which appears t o exert its effects on DNA repair by primarily inhibiting RNA synthesis. It was reported to be a non-specific inhibitor of DNA repair in human cells, since it inhibited DNA synthesis as much or more than repair replication (Cleaver and Painter, 1975) . But of even greater importance was the work on y-irradiated E. coli where the presence of 0.25% phenethyl alcohol resulted in complete inhibition of single-strand break repair whereas DNA and protein synthesis was only partially inhibited. This suggests its effect on DNA repair may not result from overall suppression of cellular metabolism, but rather a specific action on DNA repair via RNA or protein synthesis inhibition . Alteration in energy metabolism is the mode of action of some of the designated DNA repair inhibitors. Uncoupling of oxidative phosphorylation is the means by which 2,4-dinitrophenol enhances radiation sensitivity in E. coli (Kaplan, 1974 , 1973) . lodoacetamide increased the number of anomalies in x-irradiated rat embryos, presumably by the same mechanism of inhibiting immediate repair by genuine uncoupling of mitochondria1 ATP production (Fritz-Niggli and Michel, 1970). These results all suggest ATP is necessary for the rejoining process. Iodide or iodoacetamide inhibited excision repair in E. coli as a possible secondary consequence of damage to the cell membrane (Myers, 1971; Myers and Chetty, 1973) . Sodium arsenite follows a progressive dose-dependent inhibition of repair of single-strand breakage in UV-irradiated E. coli (Rossman, et a/., 1975; Fong etal., 1980) , and in human lymphocytes generally inhibits nucleicacid and protein synthesis, especially polymerases (Baron, eta/., 7 975; Petres, et a/., 1975; Jung and Trachsel, 1970) . The sodium arsenite (non-lethal dose) appears to act by IoweringATP levels leading to afailure of incision in a dosedependent manner (Fong, et a/., 1980) . In UV-irradiated €. coli, sodium arsenite inhibited post-replication repair. The arsenite does not specifically inhibit this error-prone repair (only small decrease on UV-induced mutation frequency) but most likely acts by inhibiting a r e d dependent function, of which RNA synthesis appears most sensitive (Rossman, et a/., 1977) . Potassium cyanide inhibits the rejoining of single strand breaks in x-irradiated CHO cells (Humphrey, eta/., 1970) and in human cells specifically inhibits the ATP and Mg++ dependent polynucleotide ligase by affecting the supply of the necessary cofactors (Kleijer, et a/,, 1973) .
Several mechanisms of DNA repair inhibition exist, such as modification of the precursors and/or cofactors of the excision repair enzymes. Poly (ADPribose) polymerase is a eukaryotic chromatin-bound enzyme which catalyses the synthesis of protein-bound (ADP-ribose) from the coenzyme NAD+. ADP ribosylation of nuclear proteins appears to have a functional role in the repair of some lesions in DNA (by modifying chromatin or specifically modulating some repair step) in particular alkylating agentinduced damage (Nduka, The antineoplastic agent arabinofuranosyl cytosine (ara-C) produces an inhibition of the pyrimidine dimer excision system of human DNA repair (Dunn and Regan, 1979 ; Yew and Johnson, 1979) . The ability of ara-C to reversibly inhibit the repair of ultraviolet-damaged DNA or chemically damaged DNA parallels i t s ability to inhibit semiconservative DNA synthesis in mammalian cells. There is no specificity here for repair inhibition (Berger, 1979 ). It appears that the inhibition consists in nascent chain termination and/or insertion of a number of araCMP residues into the growing chain producing helical distortions and an interference in polymerization or ligation (Hiss and Preston, 1977) or more simply, it is a competitive inhibitor of DNA polymerase (ara-CTP vs. dCTP) (Collins, 1977;  Karran, 1973) .
Ara-C also enhances the frequency of x-ray-induced chromosome aberrations in a synergistic fashion in normal human lymphocytes (Preston, 1980) , increased spontaneous sister chromatid exchange frequency and had a synergistic effect on UV-induced SCE frequency in Chinese hamster cells (Ishii and Bender, 1980) .
A promising antiviral and antineoplastic agent related to ara-C, 9-RDarabinofuranosyladenine (ara-A), strongly inhibits repair of potentially lethal damage from x-irradiation in plateau-phase mouse tumor cells (Iliakis, 1981) . Ara-A is a specific inhibitor of the DNA-dependent polymerases, in particular DNA polymerase a (Miiller, et a/., 1977) .
Compounds affecting precursor pools can be effective DNA synthesis inhibitors and may also inhibit repair synthesis. Hydroxyurea and 3'-deoxyadenosine -general ailosteric inhibitors of ribonucleotide reductaseboth inhibit repair processes. In x-irradiated Chinese hamster cells 3'-deoxyadenosine inhibited repair of potentially lethal damage, and this inhibition was further enhanced when 2'-deoxycoformycin (an inhibitor of adenosine deaminase) was combined with 3'-deoxyadenosine (Nakatsugawa and Sugahara, 1980).
Hydroxyurea has been widely used to facilitate the detection of repair by its inhibition of the replicative DNA synthesis while not effecting repair. Its primary effects on DNA synthesis and DNA structure arises from its inhibition of ri bonucleotide reductase which catalyzes the reduction of ribonucleotides to deoxyribonucleotides, and depletion of endogenous nucleotide pools (Burg et a/., 7979) . Work with hydroxyurea has helped demonstrate that there appears to be a fundamental similarity between the two synthetic processes (mammalian repair DNA synthesis and replicative DNA synthesis) and a probable dependence on the same pool of precursors.
Evidence is now being produced that hydroxyurea, as well as ara-C and deoxyadenosine, inhibit DNA repair synthesis in mammalian cells ( Yew and Johnson, 1979 ). The concentration needed to inhibit repair is greater than the 2 mM that is needed to inhibit semiconservative DNA synthesis and both appear to result from ribonocleotide reductase inhibition and the subsequent restriction of DNA polymerase(s) due to the lack of available deoxyribonucleotide precursors (Francis, et a/., 1979) . Hydroxyurea has also been reported to inhibit chromosome repair of x-ray-induced damage in cultured human lymph* cytes (Prempree and Merz, 1969; Palitti, et a/., 1981). Hydroxyurea damaged DNA in human lymphoblastoid cells in the presence of liver microsomes and NADPH, presumably as a result of hydrogen peroxide production (Andrae and Greim, 1979) . Continuingthe use of hydroxyurea in procedures for measuring repair synthesis has run into difficulties due to the conflicting reports on its inhibiting effects on repair (Lehmann and Stevens, 1980) . The question whether DNA repair inhibitors can specifically block only DNA repair has not been answered. But, the point must be made that this type of interference with a valuable protective mechanism is taking place, and it does change expected outcomes of chemical or physical exp0sures.A synergism in mutagenicity or carcinogenicity can be expected between a mutagen or carcinogen and a non-mutagenic or non-carcinogenic chemical which interferes with DNA repair.
There are practical applications of the knowledge gained in studying DNA repair interference. As part of the search for more effective human cancer treatments, potentiation of x-rays by drugs that inhibit repair has received considerable attention. DNA repair inhibition is also one of the methods being utilized to potentiate cancer chemotherapy.
For example, chloroethyl nitrosourea is among the most active known anti-tumor agents. Nitrosoureas react with biological macromolecules by two mechanisms: alkylation, which affects both proteins and nucleic acids, and carbamoylation, which affects proteins but not nucleic acids (Erickson, et a/., 1977). Available evidence indicates that the anticancer activity of the nitrosoureas is related to alkylating activity and that carbamoylating activity probably inhibits the repair of sublethal damage to DNA caused by alkylation (Erickson, et a! . , 1978; Kann, 1981). 
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